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‘1’bis pap wil l  dcwibc.  kws  Or prccisioa G1’S li]uc
Iraaslkr using p,c:c)[lc~lic-c]ll:ilily I’arlml{oguc  rccci  vm. ‘1’llc
(il’S dMa  a r c  pmccsscxl  with  (bc  (; II’SY-OASIS  I I
sortw:lic, which sitlll]ll:lllc{)llsly cstim:ilc.s lbc Cil’S
sakl  I  ilc orlji(s  aad  clocks,  rcccivcr Iocalioas aad clock

Otl’sds,  as W C ]  I  a s  Olhc.r part llllc[cl’s Sllcl)  a s Cal’tb

oricn  [alien. ‘J’his (il’S solulioa lccbniqac,  which
cmpbasiycs bip,b accaracy [;1’S orbil  CIclcrlllirl:i(ioll aJKl

obsclvab]c  lllodcling, IHIS bcca  Sbowa  10 C.aablc!  S111>- 1 1)s

lilnc- tltlllsrcl al :,lohal  diskmm s c a l e s ,  as rcporlcd ill
pwvious  1“1’’1’1 ~Ol~r~ll:t~~~s  ia I 991  aad  1993.

Cil’S-based I]lonitoring  of clocti  pdi)tll]:ll)~e  has IWII
cawicd  out lbr scvcwl years (hroagl) J1’1  ,’s bi~,b prccisioa
(;1’S p,lobal nclwork  pmccssing,.  ‘1’his paper wi I I discass
lIIC;ISLIIC~I~ICI~(S  d varialioas ia rcla(ivc clock  orrscis dowa
100 IL-Ad of a lC.W ICIIS or picmccoads.  G1’S-lXIWI clock
rlc(lllc.llcy  II~CaSLHWCIMS  wil 1 also h prcscmd

llACKCil<OUNl)

(ilt)bal (il’S ((ilobal  l’osilioniag Sys(cIn) analyses at
.1I’1, have been dmc roulincly  oa a daily basis siacc  lbc
Sl:lr( 0(’ t h e  lCi S (Il]lclll:itic~]lLll [il’S Scwicc k)!
(icodyaal]lics)  calnpaign in .laac O r  1992.  C: LIIICII1l Y,
[il’S do(a Irotll IIlc 24 C.:lt(l]-otlli[illp, [il’S satclli[cs a n d
over 150 g,l(NId slations’ arc aaalyml  daily i a a hig,bly
aulolnatcd opcral ioaal process usiag J1’1 .’S Gll’SY-
OASIS II sorlwarc 11]. (A ic.r phase mcawcmcals  from
a l l  F, I’oIIIK] si (m :il’c pl”occsscxl, aa(l pscll(k)raagc
]ncasurc]nc.tl(s  arc used on a Si(c-by-si[c basis, as cxplaiacxl
b e l o w .  l)ala  arc  dccitnalcd (0 5-miautc  ia[crvals,  ml
II]al[iplc sa le. ] l i lc  aad g,rouad slalioa pardmckw al ‘c’
cstilnatcd. ‘1’bcsc iacladc t h e  G1’S orbi[s and slalioa
Iwsi[ions,  satcllilc  aad slatioa clocks  (llmlclcd  as white.
aoisc), 1 tar(b oricnlat  ioa ad polar motion, Impospbcric
delays, aad solar radialioa press arc. OCC:III Ioadiag, s(~lid
cmb lidcs, aad sa(cllik a[liladc  c.rfbcts  aIc a l s o  mwic.lc41
duling, ]>toccxsillp,.

‘ (ilobal analyst.s only usc the 37 l>cs(-(lis([illlllccl  si[cs  ia

lhc nc(work on aay givca d a y ;  lbc rcmaiadcx  arc aIIaly7cd
sqmralcly v i a  prccisc  ]}(>i]lt-l~c)siliollillg  ba\c41 oa t h e

pwcisc  [il’S orbil  aIKl clock solalions fro]n lbc iailial
lworcssiag,,

(NH [be. years, d sigaificaal coalri balion 10 rcaliziag
bcllcr clock solatioas  has bcca simply Ibc growlh of sad,
II1OIC impo](aatly,  tbc. ilnprovcxl  dislribLl(ioa  or gtoaa(l
rc.cc.ivcn ia tbc g l o b a l  (il’S actwork.  WhcII AS (Aa(i-
Spoofinx)  WCII(  into cl(cct in JaIIUaIy of’ I  WM, clock
sol U[ ioas tcmporat’il  y wctc dcgdcd Soil  KWb21(,  dlIC (()

Cflicls on (11C  ]YKWl(mllgc obsctvablcx  which wctc

iaiti;llly noI pmpc.ily m o d e l e d  [2]. OIIm’mly,  with  A S
roa(iacly  olmalioaal, pscadoraagc  dm rloll~  sites usiag
dIc okkl ]<op,ac  G1’S rcccivcl’ mok]s at c Cxc]udcd, While
(bC ]) SCIKkN’2il)&!  (ki(~l rlolll  dlC llKKkTl) “1 ‘ll IbO]{O&UC  ad

OIhCI  types Or (il’S rcccivc.rs arc WIWIIY iacladcd. ‘1’hc
‘1’urlml{oguc  ]cccivcrs prodacc  ioamphcrical  i y calibratc41
prccisc plEIw aad pscudot’angc obscnab]cs whctbct’ AS is
oa or ofl’, witlwa(  Icquirillp  k n o w l e d g e  o f  lhc Y-cock
Addi ag ]Mcudw’aag,c  ia (his Inaam’  gt”ca(] y improves clock

ICSLI1(S aIldc I AS coadi(ions.

‘1’hc global mtwork  ad in dai ly analyses mm’
coasisls or II I(WC Iba II 1 5 0  GI’S growl mxiws o r
varyiag ty[ws. ‘Ik rlC4]llCllCy S(ald:ll  d~ USC(I tit Cd
sla[ioa a]so vaIy. Mosl  silts use. tbc rcccivcr’s iatcraal
(quail/) oscillalw  a~ a clock; Imwcvcr, thctc arc prilllfirily

(hrcc  otbcr cxlcraal  slaadads  ascd:  l<ubidi  LIIn, (~csianl,

and tbc 1 ]y(h’O~Cll hflascr. ‘1’hc brcakdmva  OVCI IIIC cmtim
carrcal IIc[wwk  and some typical l)CifO1lll:ll)cc  stalis[ics
arL’ sboww  ia ‘1’ab]c 1.

‘1’:Ib]C  ] : (ilob:l[  NctwoIk  i’1 C(]llCllCy Sldll(hl”d  Illah]l

Roo( Incaa sqaarc (RN4S) valacs arc ty])ical results based
011 .laauary 199624-111 (il’S-lmscd  ]incat fits bclwcca tbc

s[a(ion clock ml a lcrclC1lcC  maw

‘Iy]>]; NIJMIIIR RMS (as)
11-Maser 25 0.08-0.30
[~csiaa~  ((1s) I () 1 - 2
l<abidiunl (}<[)) 11 I , ?(), 1 ()()
@l{ll”(/  (S(CC1’Cd) *: 80- I 00
@lN[/,  (lHIS(CCI’C(I) * >1000”

hotd 1)(11  ))[)0’  d“ qlIW(/ (SICC1’Cd  d lIIISICCIC(])  c 102

1( i s  iatctcs(iag, (0 IN)lC lbal tbc observed noise
l~clrotll~iltlcc  01 s o m e  or tbc in(cmil  qafiw skmdards is
statistically si]nilar to SA (Sclcc(ivc Availability). This
occuw rol  I cccivcls wlmsc iatcraal osci  I Ialors arc S1CCIC41
10 G1’S tilllc, wl~ich  is alldcd  by SA at ahou( (IIC ‘X-as
lCVC1.  “1’his  paper rocllscs  (m results from II-maser slatioas
ia order 10 i I luslralc Ibc accardcy oblaiaccl  with  prccisioa
G1’S [inlc  (Itlllsrci.



1<1 mu] ‘l’s

1 ‘igurc 1 rcprcsrmk an example Of a typical Onc-&Iy
clink sOluliOn bclwcm  lwO mascxx,  OIlc Of which is USCLI
as lhc rufcrcncc  clOck.  ‘1’hc slaliOl]s  :irc 10calcd H( Wcll,cll,
(icmnnny (W’1’7,R) and OI~sala, Swcdm (ONSA);  (his
b:lwlinc  is almu( 900” Km. lk)th silts USC “J’Ul”iXd<O~llC
l~uivcm al)d (I)crcrm, ]NCIKkHl~C dala rrom 1)()(1)  \vcl’L:
usd in the aIIalyscs. ‘1’hc clock l“dlc is ’231.12’ nskkly alK]
IIIC RMS o(’ (IK residuals atmu(  a lincxir fiI is 0.028 IIS.
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IJip,urc 1: 24-hOLII 11-MascI clock comjmrison wi(h (il’S.
‘1’hc IINS abml  a limar fit is ().()28 ns.

‘1’hc scl 0( illustr:lli Ons in l(ig,urc 2 shOws a silllilttr
Cxllmplc 0{ rcla(iv(’ clOck calitmtiOn  will] t h e  pwcisiOll
(il’S lcchniquc, hut Ovcr a 10ngcr pcrio(l  of’ 72 hours,  and
ovcl IIluch Iong,ct  baselines which rang,  c fIOm :IIWLII 2,800”
I() 12,100” KIII. ‘1’hc IIlrcc slaliOns  u s e d  in lhcsc  plOls
ag,aill cIllpl  Oy ‘1’urlmROgLK rcccivcrs a n d  arc k)catccl al
‘1’idhinl)illa,  Austmli}l  (’1’1[ ) 2 ) ;  Algonquin  }’ark, otl[wio
(hn:da (Al ,[;0); ;IIK1 l’icknvl~, Ncw Mcxim, USA (1’llil ).

‘1’hrcc individual daily sOlu(iOns wcrv cmnhincd (for
April 15-17, 1996; dOtkd l i n e s  in(lica[c lhc dity
Imun(hrics)  Hnd, m shown,  the.  dai ly ra(cs  agmc  frotn mm

(hy 10 tlIc ncx(  10 wilhil)  1 ns/(lay  (with ot~c cxccpli(m

\vhcrc a chang$ of I .6 ns/d;ly  ()\rcr  onc  ddy was IUcawll’cd),

cxctll])lifying  t h e  c(msis[cncy of t h e  {il)S rcsul(s a n d
Slilhili(y  01 lI)C II I:ISCI’S  fl’olll (I:ly  10 (lily.
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l:ig,urc 2:1-c: 72-hmlr 11-h4ascr clock colnparisons  wi[h
GI’S. III l;ig.  2:1, (IIC RMS abm( (IIC (hrcc daily  ]incar
fils are (),062, ().1 59, and ().()S8 ns; in liig. 2b they arc
(). I I 1, ().()77, and ().146 ns; in l’ig. 2C they :IIC ().1 53,

0.1 N), and 0.128 1)s.

}(i~,tll’c ~ lL~]XL’Scll(S  t h e  Coll~biIIC(]  S(~ihili(y  of (h [ii’s

W4]ni(]m  d ln:Iwls over lhc san~c  72-hoi  Ir per iod.  lior
cwh Illascl p:lir  slIown in l;i~, urc 2 alm\Jc, a Iincar f i t  is
done 10 lhc cn(ilc 3-d/Iy  clock solution, and lhc lcspcc(ivc
msidu:ils mL. pl(I(lcci, ‘1’hc suil-ns rcsidudls achicvcd  Ovcr
lhrcc days  arc  il]dicalivc  Of (k prccisiOn Of llIc  Cil’S
lcchniquc :Is well m lhc rcla(ivc  slabilily  Of tiw masers.
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1“ID2 VS PIE1
11111[1

rms = 0.244 ns

h 1’2 2!4 3’6 & ;0 ;2
t (hrs past 1996-04-1500:00 GPS)

lJigarc 3~1-c:  72-EK)LIr }1-Maser linear fit residuals

‘J’hc plc)[s in ]:jguIc 4 show slalis[ical  twhaviw  Of lhc
[il’S clOck sOluliOf}s  Ovcr a varicly  Of (imcscalcs, ‘1’hc
AllaI) dcvia[ion  (oY) of each hasclinc  pair clock solu[ion is
slmwn, a([c.r rctw)val  Of a linear drill. 11 is apparcal  lhat
llIc [yl)ical nOisc flmw Of lhc cmnt>incxl  G1’S lilnc  lrans(ct
plas a pair Of II MSCIS is bclwccn 4 x 1() ‘f aIKi 9 x I ()’s
occurring, hclwcca T V;IIIICS  of lo’ al)d 105 Sccon(ls.

t .: . .;. . ““’1,.
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lii~arc  4a-c: 72-hmIr }1-Ma\cr  AllaI~ dcvi~[im

~;l<l{ol{ ANA1 .YSIS

‘1’hc accaracy 01 (he chained clOck sOluliOas  depends
01) a I)lllnllcr 01 (’1101”  Coll)pollcl)ts,  ” ‘Ihcsc  cat} iacludc
mcasLIrclIlcnl  l)oisc, [;1’S signal multi  Jmlh a l  t h e  s i l t ,

crrot i I) lhc  salcll ilc orl)il, uncal  ibralc(l  tropospheric (Iclay,

aa(l  ias(ranlcntal dc]ay. liigltrc 5 t>cl Ow is an cslilnalc  Of
t h e  (il’S aOisc  cOmpOncIIl  dac 10 imslramcn(al d e l a y
variations. ‘1’hc Al Iaa dcvia[ion for a 1 ()-&Iy (.laauary  3-



12, I  9 9 6 )  clock solat ioa hdwcca (wo rcccivcrs al Ibc
S:llllc! Cxacl localioa is  SIIOWD. Oac of’ these rcccivch,
(IAN13, is of the okk’r R()~I,LIc  lypc, aad cOI)SC(]LICII(lY,  its

pscll(lol’tmgc  (Ma wcm I)(JI iacla(lcd, As both of t h e s e
rccci\ws  arc cw]ncctcd (0 lhc same G1’S aalcana aad uw’
(IK* saftK~ 11- II~;IscI, al] crKm  flxml s a l e . l l i [ c  Orbils,
alnmsphct’c,  p,cOdclic  par:ilnctcrs, aad the n~ascr  itself aw
cffulivcly  caacclcd,  and clkcls frmn rcccivcr  aOisc. aad
frwn ]Ilultipatb  arc large.ly climiaatcd  as wel l .  What
rcillaias is noise dac  10 difl’cmll  changes ia iINIumcJ~lal

delays ia the two rccci  vcrs. I’hc  ol)scrvcd  (;1’s
mcasarcmca[  aOisc  uadc.r (hcsc cwadilimls is slwwn 10 lx’
jllsl [II)(ICI’ 5 x 10 ‘(’ for a T of abmll  300,()()0 Sccoa(ls.

CANB VS 11D2

1 ii~,arc  5: 1 ()-day Allaa dcviatioa of G1’S data for a “z,ct(E
Imscliac”  c;lsc. Maser aoisc dots II()( Coll(ril)ll(c  10 plol.

(ilhil (il’S cslimatioa is a }x)wcr[~ll  1(,01 101”

mOail Oriag rcla[ivc  clOck variatiOas bclwcca  ditTcrcal lilllc
slaada]cls. Wbilc  Ibc capabil ily 10 dc[mlniac  ak)lutc clOck
OflsC.ls  is dcsirab]c, (his requires cxacliag,  cal ibralioas for
al I cabk  aad bardwarc  Mmponcnl  delays ia lhc rcccivcr,
aml bc.1 wcca the oatput of (IIC clock 01 t i miap, dcvicc aIKl
~hc ouIl)aI of’ IIIC [i J’.\ rcccivcr.  A~ Ihc prcsca(  t i m e  w c
have cvalaalcd pcrlommcc fol miag, G1’S 10 perform a
cli(l’krcal, Iml slill uscfal fuaclim:  aamc]y, the m(miloriag

01 clock or 1 i II IC slaadad ~labil il y aad fIc4111cacy clmap,cs

llIrcNIg,b Lciali\Jc  clock aad  f’qacwcy  offsd  csl imal ioa.
Such a laac(ioa  is Cxtlcmcly inlpor(aat  at obscrva[orics
and space.craii tmckiag, facili(ics,  such  as (hc NASA/.ll)l,
1 kcj) Space Nctwwk, wlmrc high lc\rcls of pcrlonnaacc  of
very hig,b accuracy t i m e  slaadard$ (sach :is hydtqym
nmscrs)  am csscat  ial. la addiliml,  [il’S caa bc ascd 10
make cwmparat  ivc mcasarcmcats hclwcca di flkma[ (i me
Sltladal’(ls. ‘1’l]c. :~CCllI’:lCy  Of (]IC. (;]’S k~Chlli~lllC for
lncasaria~,  lcl:l!i\’c clock Of[sc[s  aad s(abilitics  cat] bc
ialcrrcd frm]l  statistics of Cil’S-based clock solutions for
Iilllc s(aadards which arc kaowa (m hclicvcd)  (0 bc very
stat)lc. II) addilioa, ccrldia mow or iaslability  levels cm
bc cdlculakxl analytically. la the fOIlOwiap,  scc(iOa, wc
prO\idc.  ap]m)xilnatc  cwm bLdgcls fm (il’S Cstilnalioa  0 1
clOck variat imls Ovcr t wO di ITcrcal Ii alc rcg,imcs:  I ,O(K)-

SCC, aad 1()(),()()() SCC, collc.sl>or~(litlg  (0 sli~h[ly  IIIOrC (hat]
15 n~iaatcs aad sliglllly IllOrc lhaa Oac day.

‘1’hc highcs{ acclll acy lnclho(l {i)l G1’s-bawd
cslilna(i Oa Of clOck Oflscts  rc.qaircs  thal prccisiOa mcxlcls
fol (;]’S obSCl”VIIb]CS bC Ll(ili7.C(l d lh:ll  big,b :icCLll  acy

cs[imaliwl  Icchaiqacs  Ix clnplOycd. ‘1’his lypc Of aaalysis
at J1’1. dales fmm tbc mid-1 980s, and mOst  rccc.atly  daily
J 1’1, [il’S sol al ioas  t)a\c achicvcxl  amaracy  of bcllcr  thaa
1 Clll g,lolwlly  for p,l’ollad comliaatc  cslilnalcs,  ZIIK1
accuracy of bct(cr [hall 15 cm i’01’  (i]% OrlJiK I 1 ]. ~’t Icsc
sOlali Ons arc plmlaccd c\wIy day al J]’] , aad (I)c aaalysis is
Iligllly aalOlllatCd. ‘1’he traasmit(cr  aad rccci\’cr clOcks,
alw)g, wilh  Olbcl palwnctcrs sac}] as trqmsphclic  path
delays, lkalll oricalatioa, aa(l Cil’S phase biases, NC alsO
dck~tmiacd.  IndcpcJ~dcaI ICSK ha\c lcpcatcxlly  Cmlfilkncil
tIl:iI  (1)c ()\JcI:ill  systcm  accaracy  i s  cx(IcINcly good.  AI}

L’1”1’ol”  bl’cakhvl) 101”  Syslcm  pcrrolmaacc call  bc

aaalylicalty  calcala( cd. ‘1’hcsc  calcalalioas have bcca (Ioac
ad have bcca shows to bc cohsis(cnt wilb other mcasam
of  accaracy  iavolviag  iadcpcadc.al comp:irisons wilb  IKMl-
Cil’S lcchaiqacs for  lhc orhil, atmospheric aad pcodctic
pmII~ckm  wbicb arc cstimakd  aloag willl tllc ck~~~
paraIIlc(cIh. l:or  ias[aacc, [il’S satcllit( posiliom bavc
bcca indcjxmdcatly ll)c:lWl”  L’d wi[h lawx ranfling,;
(rOpOsphCIC  delays have bcca indcpcndcnl]y  mcasarcd  wilh
wa(cl \alx)I mdi(nnclcls; and gcwlc(ic  parameters have
b c c a  iadcpcadca(ly lllcasurcd with  la$cl ranging and vcly
10ag Imscliac itl~c.rfcuc~lllctl’y.

A  15-ctI1  (il’S mbit  crml  projc.cts  (c) a  dif[crcatial
Mapc cIIOt Of sli:b(ty less tl)aa 5 CIII (abmil O. 15 ns) fm
twO silts separated by the diamc(cr Of the 1 iar(b. }Iccausc.
Il)c sla[i Oa clOck cs[illln[c  is actaaliy bawl (m aIl  awwlgL~

of (Iala 11’0111  X (il’S sate.1 I itc.s, aad siacc  (Mhcl paraa Ictcl’s
arc also bciag, cslilllalcx{  Sill) lll(:[llc’ollsly  Ol)c \\ ’OLl]d CX1>CZ1
thal Ihc ac{aal s[al iOa clOck crmr fIOm these. ml>il crmrs
would bc Icss, 1 ig,lll’c  6 she\\’s C1’l”or blldge(s for lbc 1,000-”
scc ad 1 ()(),(M-scc  t imc ialcrval  cases. Wc adopt (1IC
0 . 1 5  as \falac as a cxmscrvalivc cstillla(c  of Cil’S-bawxl
?,ruuad clock e r ror  f r o m  orbit  cffcc(s, Sach mbil-ldatcd
cllcch, bcnvcvcr,  arc maaifcs[d  oaly allcr  some Ii  mc
coll)parablc to the (i I’S orbilal  period ha$  passc(l,  siacc.
ovm vcIy sbor[  (imcs (hcsc  olbi(  mom woald bc highly

c(mcla(c(l,  appcatiag  as a bias aad hcrcforc  Imt observable
ovci slIol I Iilnc ialcrvals  f o r  rclalivc  clock cs[ilaatcs.
1 Icacc  Ibc plot shows  acarl y zero orbital cffccl fm tbc
sborl tinlc ialcrval Ca$c (1 , ( ) ( ) ( )  s e e )  aad  (). 15 as fw (IIC
1 (K),000 titnc iatcrval case.

OIIICI crI ors iacludc.(1  ia llIc plOl arc: lm]msphclc  lligh-
ffcqacacy “m)isc” (frmn alalOspllcric  flac(aatioas)  aad
sys(ctnaliu II  opospbcrc  lnislnodclia~, lhc. ta((cr af’fc.ctiap,
IIIC accwracy  of the tI oposphcIc paramclcrs cs(imatcd ia (I1C
(il ‘S aaalysis;  c a b l e  aad rcccivcr iastnbil  i tics (rlol~)
tcmpcratarc  \aria(ioas, for iastaacc), wbicb aw im] mlaat
p]il]larily  fw loagcr l ime iatcrvals (gk’alcl  thaa 12 hrs);
aad multi palh, wbicb  is kaowa  to add a fcw mm of crmr



.

10 [h cawic.1 pbasc Obscrvablc  u s e d  (c) track slmr(-lcrIn
clOck varia(iol~s, and 10 add scvcml clll 0 1  crrm 10 [lIc
]~scLIcloI;IIlgL’.-l~  :Isccl cs(imatcs  of lbc  carric.r  ]hasc biases -

Ibc  ]at (cr  crr(w  ])crsist  ia~ for cacb  sa(cl  I itc  t I“ack of abou(

1 (),()()() scc durali(m. lmmsphcric delays :il”c cmlcckd  by
(111:11  -fl”c(](lcl)cy cOmbinali  Ons O f  1 , 1  and 1 , 2  Cil’S
obsc’.l vab]CS, ‘1’llc 1’00( SLIII]  S(l U:ll’C (1<SS)  of (hC  c . 1 1 0 1 ” S ,

wllicb arc  a s s u m e d  to bc in(lc]m(lcnt,  is abou[  0.02 ns 1(M

llm shml (1,()()()-see) timcscalc,  ml almI(  0.?2 ns fOr lhc
lm~gcr(100,(K)()-scc) Iimcscalc.

‘1’bc quanli(ics sbmva  ia liig. 6 rcprc.scmt  typical
aaticipalcd  pc.1’forllMIKTs  based 01)  CIII’I’CII(  klK)W]Cd:,  C almll

IIm pcrl(mmtm  Of tbc  GI’S a n a l y s i s  tccbaiqm ud  a l

J]’],. IIowcvcr  individual cases n~ay bc bct{cr (baa \vlHIt  is

sh(Iwa  in 1  ‘i?,. (). Multipatb  ancl (rqmspbcrc. Icad 10 bc
fairly silt-specific, aad 10wcr cl’mrs  lhaa llmsc slmwa ill
1  ‘ix. 6 i’m lbc 1 O(),(KK-scc  inlclval  arc’ nOl uacOllllllOn.
lk)r  inslancw,  lbc scallcr  aboul a  l inear  fit sbowa ia l;i~,.  1

for Ihc Wclmll-  Oasala  clock c(mlparisoa  i s  c(msi(lcrably

bc([cr tbaa lhc 0 . ’ 2  IIS CX]WCW1 from 1 ‘ig.  6. ‘Ilc rcawms

for Illis arc  sc\cIal: duc (o the rclalivcl y  short  scpara(  ioa

0 1  Ihcsc IWO si[cs  (abou( 900” KII~), tbc Ic i s  sig, aii’icaai

(wbil  crmr camdlalim (about a I:iclor of lcn  as  c(mlpawd

(o Ibc I 0,000 km (Iistancc  assumc(l  for Ihc 0 . 2  ns caw in
I(iy,. 6); tilsO, rcla[ivcly  clOsc-by  si(c.s ]Il:iy Imvc silllil:ir
(ctnpcralurc  condilimls awl thus lctlllJctd[\llc-ill(  lllcc41
v a r i a t i o n s  it) lmdw~irc nmy bc common  and p:irlially

caaccl.  ‘1’bc clock  cstimalc scal[crs  o v e r  lbc  loapcl

b a s e l i n e s  sb~)wa  ia l;i~. 3 :IIK1 ovct [bc 7CKI-  Imcliac
shown in l;ip,.  5  :irc consiskal  will] lhc cum blld~C(

slKmJII ia liip,. (). in summary, Iii:,. 6 rc]wcscnts  a fairly
cm~scrvalivc  rtin~,c Oi’ rclat ivc clOck csti male crrws which
c:ia bc aa[icipa(cd  fmln  Ihc  IIigll-:lc’clll:lcj’ [il’S cslimalion

[cctlni(]ucs  USC(I  aI J]’]..

liig,. 6  ilnplics  a tOtal (il’S mcasurcmcat m)isc
cOn[ribuliOa O f  atmlll 2 x  I ()”’s al 1  00,()()0  XC. ‘Ik
obscwcd Allaa  dcvi:i(ioas ia l;ip,. 4, w h i c h  iacludc aoisc
fl’(m) 1)0(11  t h e  IIlascls and t h e  (iI’s  Illc.:lslll”clllcll(s,  NC

bclwccm  4x I O “ and 9X 1 O‘s :11 100,000 SCC. ‘J’hcsc  highc]
(hscrvcd  varialim~s  may bc duc 10 cilbcr  lbr acli]al mascl
sl:illili(ics in (k flcld, Or 10 Cil’S sys(cnl Cluws \vbicll  al~’
nOl ful I y accwun(cd fu ia lhc Cmw bud.yet.

11 is ]wssiblc  lbal using a glObal cnscmblc  clOck Of 11-
n~:iscts cwlncckx]  b y  (il’S lilnc  (mnsfcr vwmld prt)vidc.  a
l)lorc sl:ib]c rcfclcncc  clOck 10 usc fm cOmparis Ons \vilb
individual fmqucncy slamkirds  \vhOsc nOisc. clmrac(crislics
arc I)cillg  prObcd. ‘J’bis ccmccp[ is i niliall y cxpl Otc’d ill a
pa]mr b y  YOuup,,  ct. a l . ,  alsO prcscnlut ia t h e s e
prt)cccditlg,s.
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(:ON[:] /llSION

11 has bccll shown (lull, wfilb mll cuwcal cslilnatic)n
s(ratcgics  and mOdcls, prccisiOrl (il’S Iccbaiqucs call k
wscd 10 acbic\’c clOck calibraliw)  al WCI1 hclow lbc
l):ilmscc(md  Icvcl . ‘1’jlc (i]]s  tcchniqllcs dcscl’ibc41  ia this

p a p e r  lhcr.’fwc  bavc IIm ]m[calial  10 m(mil(w iictual  l(JHg-

Icril I f i e l d  ]>crf(mllancc  01 hy(lro~,ca  II Iascrs  (:ia(l  o(hcr

frcquctwy  sl:ia(lat(]s).  1 ‘ut IIIC  work wil I focus  0 1 1  futlhcr

illl]>mvclllcal of lbc pwcisioa of (IIC [iI’s L’lock

cstim:i(ioa  mcllm(ls,  aa(l on bc((cl  scparaliOn  O f  n o i s e

c(la(ributions  f[om lhc  Cil’S mcasurcuncat  tcclmiqm

V(’ISIIS aoisc cll’cc[s  in tlm  ]mcisc  lill)c S(aa(lmls

(bcmscl\’cs.

A[:KNL)W1 J ;l>CiMliN’1’

‘Ihc WKMk (icscribcd  ia {his palm WKIS carlicd mi( by tllc Jc(

l’r(qmlsiorl 1 .abol’atol’y,” [hl i fwnin ]nslitutc  of
‘1’ccl)tmlo~y,  uadcr contiact \vi(h (1IC National Acloaaulics
aMl Space A(lll~it~is(l:l(ioll.
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